A stroma-dependent phase has been described in the to other secondary lymphoid organs, including spleen, first stages of B cell development in the bone marrow lymph nodes, and intestinal epithelium. 
That mutation is embryonic lethal (Yang et al., 1995) , so for the analysis of hematopoietic development we generated somatic chimeric mice by injecting ␣4 Ϫ/Ϫ embryonic stem (ES) cells into ␣4 ϩ/ϩ blastocysts. In this paper, we report the use of such chimeras to define the roles of ␣4 integrins in lymphopoiesis, myelopoiesis, and lymphocyte traffic.
Results

A Switch in the Requirements for ␣4
Integrins during T Cell Development
The in vivo role of the ␣4 integrins in hematopoietic differentiation was studied by generation of ␣4 null and Lymphocytes from different organs were analyzed by flow cytometry using the marker Ly-9.1, which specifically stains the lymphocytes derived from the ES cells (129Sv strain) and not those derived from the blastocyst (C57BL strain) (Ledbetter et al., 1979). Using this approach, normal percentages of ES-derived T cells (CD3/ Ly-9.1 positive) were observed in the peripheral blood and spleen of adult ␣4 null chimeric mice (>4 weeks old) as compared with control chimeras in either C57BL or RAG-1 ( Figures 1A and 1B) . These T cells were confirmed to be ␣4 null by flow cytometry and polymerase chain reaction (PCR) analysis (data not shown). The CD4/CD8 ratio and T cell receptor ␣␤ (TCR␣␤) or TCR␥␦ expression displayed by these ␣4 null T cells were normal, and they appeared to respond properly upon activation with different stimuli as assessed by expression of activation markers as well as proliferation rate (data ures 3A and 3B). Since the wave of bone marrow-derived precursors is expected after birth, these data suggest (Figure 4 ). This result means that the bone marrow conthat, in the absence of ␣4 integrins, there is a defect in tains ␣4 null precursors able to migrate and differentiate the input of T cell precursors from the bone marrow to in the thymus. No long-term reconstitution was obthe thymus.
served, but secondary bone marrow transplantation To elucidate further the step of blockade (before, durfrom the ␣4 null reconstituted mice into nonirradiated ing, or after the bone marrow stage), reconstitution ex-RAG-1 Ϫ/Ϫ recipients again gave rise to peripheral T lymperiments were performed. Bone marrow from the ␣4 phocytes, showing, first, that proper migration of precurnull/RAG-1 chimeras injected into the blood of sublesors into the bone marrow can take place in the absence thally irradiated RAG-1 Ϫ/Ϫ recipients was able to reconstitute the peripheral T cell population in the short term of ␣4 integrins but, second, that development of ␣4 null Thymi from ␣4 null/RAG-1 and control/RAG-1 chimeric mice of different ages were analyzed for the expression of CD4 and CD8. Note that, while 10 4 cells were analyzed for control chimeras and for null chimeras less than 1 month old, the thymi of older chimeras are atrophic and fewer cells were analyzed (less than 500 cells). The important point is that the ratio of the different populations (double negative, double positive, and single positive) changes during the life of the null chimeras but does not vary in the control animals. After 1 month, only double-negative cells remain in the thymi of the null chimeras, and they are derived from the RAG-1 Ϫ/Ϫ blastocysts. The number of thymocytes was on average 3 ϫ 10 6 in null versus 100 ϫ 10 6 in control chimeric mice older than 1 month.
T cell precursors to the point at which they can exit the Peyer's patches but do not play an important role in the migration to lymph nodes and intestinal epithelium. bone marrow and migrate to the thymus does not occur (data not shown). Altogether, these results point to a problem within the bone marrow environment rather B Cell Maturation Is Severely Compromised in ␣4 Null Chimeric Mice than in the seeding of the bone marrow with precursors or in the migration of T cell precursors into, or differentiaAs shown in Figure 6 , the number of B lymphocytes derived from ␣4 null ES cells, assessed by the double tion within, the thymus during adult life in the ␣4 null chimeras.
expression of CD45R(B220) and Ly-9.1 markers, was greatly decreased in the blood of ␣4 null chimeric mice These data clearly show that ␣4 integrins are not essential for the in vivo development of mature T cells in compared with a normal ES-derived B cell chimeric population in control animals both in C57BL and RAG-1 the thymus during embryonic life, although they play a key role in the maintenance of normal T cell homeostasis chimeras. The percentage of ␣4 null B cells present in C57BL chimeric mice was a little higher in animals during adult life, probably by regulating the normal development of T cell precursors in the adult bone marrow.
younger than 3 weeks ( Figure 6B ), suggesting that some B cell development could have taken place during embryonic life in the absence of ␣4 integrins. The reduced ␣4 Null T Lymphocytes Cannot Migrate to Peyer's Patches B cell population was mature, since it expressed surface immunoglobulin M (IgM), and the levels of serum IgM The specific localization of ␣4 null T lymphocytes (homing) was studied by the analysis of different secondary in the null chimeras were comparable with controls (data not shown). Similar results were obtained when other lymphoid organs from chimeric mice. As shown in Figure  5 , very few ␣4 null T lymphocytes were detected in lymphoid organs such as spleen and lymph nodes were analyzed ( Figure 6A ; data not shown). In fact, spleens Peyer's patches (gut mucosal-associated lymphoid tissue) of ␣4 null/C57BL mice, and, remarkably, no Peyer's from ␣4 null/RAG-1 chimeric mice were smaller than controls, and histology revealed an altered architecture patches could be found in the ␣4 null/RAG-1 chimeras. The levels of other adhesion receptors potentially inshowing a marked defect in the B cell-specific areas as compared with control animals (data not shown). volved in that migration pathway, such as L-selectin and CD44 in the ␣4 null T cells, were comparable with A different subset of B cells (B-1 cells) present mainly in the peritoneal cavity in the adult and expressing specontrols (data not shown). In contrast, percentages of ␣4 null T lymphocytes comparable with those seen in cific markers such as CD5 was also analyzed (Kantor and Herzenberg, 1993 ). Very few CD45R/CD5 ϩ cells control animals were observed in the lymph nodes (mesenteric and inguinal) as well as within the intraepithelial (4.2% in ␣4 null/RAG-1 chimeras versus 22.3% in controls [n ϭ 4]) were present in the peritoneal cavity of ␣4 compartment of the intestine of ␣4 null chimeras (Figures 5A and 5B). The sizes of the lymph nodes were null chimeras ( Figure 6A ), suggesting a defect in B-1 cell migration to, or proliferation or survival in, the peritoneal similar in ␣4 null/RAG-1 and control/RAG-1 chimeric mice, and the histological analysis of these organs demcavity in the absence of ␣4 integrins. The bone marrow obtained from the different chimeric onstrated a similar structure, although no germinal centers (B cell areas) were apparent in the ␣4 null chimeras mice was also analyzed. A greatly reduced number of CD45R ϩ cells was found in the bone marrow of ␣4 null (data not shown; see below).
These data clearly demonstrate that ␣4 integrins are chimeric mice compared with controls ( Figures 7A and  7D ). Since the RAG-1 Ϫ/Ϫ mice are on a mixed genetic essential for the in vivo homing of T lymphocytes to sors to develop properly in the bone marrow when they do not express ␣4 integrins after birth. In contrast, preliminary data showing the ability of fetal liver from ␣4 background, we could not use the Ly-9.1 marker to distinguish whether those few B cells were immature null chimeras to reconstitute a normal B cell population suggest that B cell development from fetal precursors pro-B cells normally present in the RAG-1-deficient mice or whether they derived from the ␣4 Ϫ/Ϫ ES cells. Howcan take place without ␣4 integrins (data not shown). Altogether, these data clearly demonstrate that the ever, most of those CD45R ϩ cells in the ␣4 null/RAG-1 chimeras were positive for ␣4 expression, demonstrat-␣4 integrin adhesion receptors are essential for normal in vivo B lymphocyte differentiation after birth and that ing that they derived from the RAG-1 blastocyst. Moreover, a few ␣4 null/RAG-2 chimeric mice analyzed by a severe defect at the B cell precursor level occurs in the adult bone marrow in the absence of ␣4 integrin specific markers showed almost no ␣4 null/CD45R ϩ cells (data not shown). These results show that, in the abexpression. sence of ␣4 integrins, B cell development is blocked at an earlier stage than that observed in RAG-1-or RAGMonocytes and NK Cells Can Undergo Complete Development without Expressing ␣4 Integrins 2-deficient mice, i.e., before pro-B cell stage. To investigate this point further, we also stained this CD45R 
Discussion
Here we have addressed several questions about the roles of ␣4 integrin adhesion receptors during in vivo hematopoiesis. We find a lymphocyte-specific defect in the absence of ␣4 integrins, since monocyte and NK cell development are not detectably affected. Furthermore, we show that ␣4 integrins are not essential in the migration and cellular interactions that occur during embryonic lymphocyte development, but, interestingly, we detect a developmental switch in the requirements for ␣4 integrins, since after birth no further T or B cell development occurs in the bone marrow in the absence of ␣4 integrins. Moreover, ␣4 integrins are completely required for lymphocyte homing to Peyer's patches (Figure 9) . ϩ /␣4-negaHowever, it is important to note the switch in the tive cells was present in ␣4 null chimeric mice, but no requirements for ␣4 integrins during T cell development. ␣4-negative cells were found within the monocytic While embryonic precursor interactions with the micro-CD44 ϩ population in control animals (Figure 8 ). There environment do not require these receptors, after birth was no correlation between the percentage of ␣4 null ␣4 integrins become essential for further T cell developmonocytes and the age of the mice, suggesting no dement, since no ␣4 null thymocytes were detected in the fect in monocytic precursors lacking ␣4 integrins during thymus of chimeric mice older than 3 weeks (Figures 2 adult life. and 3). These data suggest several different points at which T cell precursor development could be blocked NK cell development was also investigated. Specific markers for this lineage such as NK-1.1 are not exafter birth: migration of precursors from the fetal liver to the bone marrow, defective differentiation in the bone pressed in NK cells from the 129Sv strain. Therefore, we used the CD8␣ ϩ /CD3 Ϫ phenotype in a population marrow, exit from the bone marrow, or migration to or differentiation of the precursors in the thymus. To detergated by size and complexity to identify NK cells in the blood of adult chimeric mice (>9 months old). A larger mine which of these steps is ␣4 integrin dependent, we performed reconstitution experiments. A short-term population of ␣4-negative NK cells was present in the ␣4 null/C57BL chimeras compared with controls (21.6% reconstitution of the T cell population was obtained when bone marrow from ␣4 null chimeras was injected in ␣4 null versus 7.1% in ␣4 control chimeras [n ϭ 8]).
T Cell Development
These data demonstrate that monocytes and NK cells into the blood of irradiated or nonirradiated recipients (Figure 4 ; data not shown). These data rule out a failure do not require ␣4 integrin receptors to become mature cells able to circulate in peripheral blood.
of precursors to migrate to or differentiate in the thymus, as well as a defect in migration of precursors from the fetal liver to the bone marrow, since T cell precursor activity is present in the bone marrow from ␣4 null chimeric mice. We have not yet elucidated the exact nature of the defect, but it seems to be at the bone marrow level. A defect in the exit per se of T cell progenitors from the bone marrow in the absence of ␣4 integrins could be possible; however, in this case an accumulation of precursors would be expected but is not observed. It is more likely that the ␣4 null T cell progenitors cannot migrate from the bone marrow either because they do not survive long enough or because they fail to reach the maturation state required to exit the bone marrow. Altogether, the data point to a defect in the specific interactions between progenitors for T cells and the bone marrow in the absence of ␣4 integrins, as will be discussed later. 
B Cell Development
Bone Marrow Lymphopoiesis
Altogether, the data reported here concerning T and B cell development suggest that there may be a similar or common defect in both lineages and a switch in the dependence on ␣4 integrins during lymphopoiesis. Thus, lymphopoiesis seems to be independent of ␣4 integrins during embryonic life, but starts to be dependent on ␣4 integrins when progenitors move to the bone marrow after birth. It is possible that, in the absence of ␣4 integrins, fewer progenitor cells migrate to the bone marrow, as a recent report has suggested (Papayannopoulou et al., 1995). However, even a decreased number of progenitors should be able to reconstitute a normal lymphoid population, if the cells proliferate properly. This switch in the requirements for ␣4 integrins indicates that there is a strict regulation in time or space (or both) of ␣4-mediated functions during lymphocyte develop- the presence of other adhesion receptors such as L-selectin. However, no decrease in migration of gut intraepithelial lymphocytes was detected in the absence Monocyte and NK Cell Development of ␣4, suggesting that other receptors play the major The hematopoietic defect observed in the absence of role in that process. Interestingly, ␤7 knockout mice ␣4 integrins seems to be lymphocyte specific, since no (Wagner et al., submitted) show a decreased but not defect in monocyte or NK cell development could be zero number of lymphocytes in the Peyer's patches and detected when the precursors do not express ␣4 inteintestine. Together with our data, this suggests that the grins (Figure 8 ). These data are somewhat in contrast ␣4␤1 heterodimer may also play a minor role in homing with a report in which anti-␣4 monoclonal antibodies to Peyer's patches and that the integrin ␣E␤7 plays the were able to retard myelopoiesis in vitro (Miyake et al., main role in migration to the intestinal epithelium. 1991a). Nevertheless, our data indicate that monocytes In summary, this report provides insights into the in do not need to express ␣4 integrins to develop normally, vivo roles of the two ␣4 integrin adhesion receptors although a delay in their development would be difficult during murine lymphopoiesis, monocyte development, to detect. A role for a soluble factor secreted as a conseand lymphocyte homing (Figure 9 ). Interestingly, ␣4-mequence of ␣4 integrin-mediated interactions of the wilddiated events involved in lymphopoiesis are finely regutype monocytes present in the chimeric mice also canlated in time or space (or both), since there is a switch not be ruled out at this point. The different requirements in their requirements from prenatal to postnatal life. The for ␣4 integrins between NK and T or B cell progenitors data presented here reveal the importance of cellular suggest that these lineages are in fact different and they adhesion events in regulating essential processes in separate early during ontogeny.
lymphocyte differentiation and traffic.
T Cell Homing
After maturation in the thymus, T lymphocytes exit to
Experimental Procedures
the peripheral blood and lymph where they recirculate 
